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Cullin-RING ubiquitin ligases ubiquitinate protein substrates and control their levels through degradation. Here we show that cullin3 (Cul3)
suppresses Hedgehog (Hh) signaling through downregulating the level of the signaling pathway effector cubitus interruptus (Ci). High-level Hh
signaling promotes Cul3-dependent Ci degradation, leading to the downregulation of Hh signaling. This process is manifested in controlling cell
proliferation during Drosophila retinal development. In Cul3 mutants, the population of interommatidial cells is increased, which can be
mimicked by overexpression of Ci and suppressed by depleting endogenous Ci. Hh also regulates the population of interommatidial cells in the
pupal stage. Alterations in the interommatidial cell population correlate with alterations in precursor proliferation in the second mitotic wave of
larval eye discs. Taken together, these results suggest that Cul3 downregulates Ci levels to modulate Hh signaling activity, thus ensuring proper
cell proliferation during retinal development.
© 2007 Elsevier Inc. All rights reserved.Keywords: Ci; Cul3 ligase; Hh signaling; Retina; BTBIntroduction
Controls of protein stabilities of signaling pathway compo-
nents can modulate signaling activities, such as strength,
duration and range of action. The cullin-RING ubiquitin ligases
(CRLs) have been shown to regulate protein stability of crucial
signaling pathway components through the ubiquitinating
activity (Cardozo and Pagano, 2004; Petroski and Deshaies,
2005; Willems et al., 2004). As molecular scaffold, cullin
family proteins organize analogous CRL complexes to promote
the ubiquitination of bound substrates. In cullin3 (Cul3)-
organized CRLs, the BTB (Bric à Brac, Tramtrack, and Broad
Complex) domain-containing proteins function as substrate
receptors to recruit substrates for ubiquitination (Pintard et al.,⁎ Corresponding author. Institute of Molecular Biology, Academia Sinica,
Taipei 11529, Taiwan. Fax: +1 886 2 27826085.
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doi:10.1016/j.ydbio.2007.05.0082003; Xu et al., 2003). In cullin1 (Cul1)-organized CRLs,
known as SCF (Skp1-Cul1-F-box), the F-box proteins play the
role as substrate receptors (Cardozo and Pagano, 2004). The
large numbers of BTB and F-box proteins found in the se-
quenced genomes imply that Cul3 and Cul1 may potentially
regulate the ubiquitination status of numerous cellular sub-
strates through specific interactions with substrate receptors
(Petroski and Deshaies, 2005).
The Hedgehog (Hh) signaling pathway is employed in
numerous developmental processes and is highly conserved in
both vertebrates and invertebrates (Hooper and Scott, 2005;
Ingham and McMahon, 2001; Torroja et al., 2005). In Droso-
phila, the activities of Hh signaling are mediated through the
downstream effector cubitus interruptus (Ci, homologous to Gli
in vertebrates) that are present in two forms, the full-length form
of Ci (CiFL) that can function as transcriptional activator and the
amino-terminal Zn-finger-containing fragment as transcrip-
tional repressor (CiRep) (Aza-Blanc et al., 1997; Dominguez
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the absence of Hh signaling, Ci is highly phosphorylated at a
carboxy-terminal region (Chen et al., 1998; Jia et al., 2002;
Price and Kalderon, 2002). Phosphorylated CiFL is recognized
by the F-box protein Slimb, the homolog of β-TrCP in
vertebrates, for subsequent SCFSlimb-mediated ubiquitination
(Jia et al., 2005; Jiang and Struhl, 1998; Ou et al., 2002;
Smelkinson and Kalderon, 2006). The constitutive phosphor-
ylation–ubiquitination of CiFL leads to proteasomal degradation
of the carboxy-terminus, leading to the generation of CiRep
(Tian et al., 2005). During Drosophila wing development, the
protein level of CiFL is downregulated by SCFSlimb in anterior
(A) compartmental cells of wing discs where Hh signaling is
absent (Jiang and Struhl, 1998; Noureddine et al., 2002; Ou
et al., 2002). Similarly in eye discs, the SCFSlimb activity is
also required for the instability of CiFL in cells ahead of the
morphogenetic furrow (MF) (Ou et al., 2002).
The transduction of Hh signaling promotes the reduction in
CiFL phosphorylation, leading to the blockage of both CiFL
partial degradation and CiRep generation. The preserved CiFL is
furthered transformed by high-level Hh signaling into the active
form CiAct that is, however, unstable (Ohlmeyer and Kalderon,
1998). The instability of CiAct requires the activity of Cul3 in
the anterior/posterior (A/P) boundary of wing discs where Hh
signaling is highly active (Ou et al., 2002), although Mistry et
al. (2004) reported that the CiFL level was not altered in Cul3
mutant clones located in the A/P boundary zone. In eye discs,
the Hh signal is expressed in photoreceptors behind the MF and
Cul3 also downregulates CiFL protein levels in this region
(Mistry et al., 2004; Ou et al., 2002). The downregulation of
CiFL also requires the Cul3 ligase substrate receptor named as
Hh-induced MATH and BTB domain protein (HIB) (Zhang et
al., 2006) or as Rdx encoded by the roadkill (rdx) locus (Kent et
al., 2006). CiFL protein levels are augmented in the hib/rdx
homozygous mutant clones located in the A/P boundary of wing
discs and behind the MF of eye discs. Also, HIB interacts with
CiFL and functions together with Cul3 to promote the
ubiquitination and degradation of CiFL (Zhang et al., 2006).
Interestingly, the expression of hib/rdx is induced by Hh
signaling in the A/P boundary zone of wing discs and the eye
disc cells behind the MF, indicating a feedback mechanism to
suppress the Hh signaling output. While upregulation of Hh
signaling or CiFL levels causes abnormal ommatidial patterning
and an increase in the number of interommatidial cells (IOCs)
(Kent et al., 2006), it is remained to be determined whether the
activity of Hh signaling suppressed by the Cul3/BTB ligase is
involved in these processes. Hh signaling plays multiple roles in
Drosophila retinal development such as inducing and main-
taining the retinal MF differentiation wave and modulating
retinal cell proliferation and death (Borod and Heberlein, 1998;
Dominguez and Hafen, 1997; Ma et al., 1993; Thomas and
Ingham, 2003). However, the cellular effect of restricting Hh
signaling by the Cul3/BTB ligase is unclear.
We showed that Cul3 indeed restricts CiFL levels by
genetically disrupting Cul3 activity using novel Cul3 alleles
generated in this work. This activity of Cul3 in downregulating
CiFL was induced by Hh signaling and could act on depho-sphorylated CiFL in the absence of Hh signaling. Kent et al.
(2006) reported that upregulated Hh signaling and CiFL levels
behind the MF alter ommatidial patterning and the number of
interommatidial cells (IOCs). We performed genetic analysis to
suggest that Cul3 negatively regulates CiFL levels in IOC
formation. IOCs are derived from postmitotic cells of the
second mitotic wave (SMW) in larval eye discs. Ectopic cell
proliferation in SMW behind the MF was induced by Cul3
mutations as well as by enhanced Hh signaling. These results
lead us to propose that the Cul3/BTB ligase confers a
suppressive effect on Hh signaling in controlling cell prolifera-
tion in the SMW, which contributes to restricting the pool of
precursors that form IOCs.
Materials and methods
Mutant and transgenic strains
Novel Cul3 alleles described in the text were isolated from a screen of
12,000 EMS-mutagenized chromosomes that failed to complement the lethality
of Cul3gft2. Fly mutants and transgenic strains used in this study are listed
below: Nedd8AN015, Cul1EX (Ou et al., 2002), Cul3gft2, Cul3C7, Cul3B3 (this
study), rdx5 (Kent et al., 2006), hibΔ6 (Zhang et al., 2006), hh1, hhts, ap-GAL4
(Calleja et al., 1996), ptc-GAL4 (Hinz et al., 1994), MS1096-GAL4 (Capdevila
and Guerrero, 1994), dpp-GAL4 (Staehling-Hampton et al., 1994), ELAV-GAL4
(Luo et al., 1994), Lz-GAL4 (Crew and Pollock, 1997), GMR-GAL4 (Freeman,
1996), UAS-hh (Capdevila and Guerrero, 1994), UAS-Cul3 and UAS-Cul3KR
(Wu et al., 2005), UAS-HA-CiFL and UAS-HA-Ci-3P (Wang et al., 1999), GMR-
P35 (Hay et al., 1994), eyFLP (Newsome et al., 2000), ubi-nlsGFP (gift from S.
Luschnig), FRT40A, FRT42D, FRT82B, hsFLP (Bloomington Stock Center)
and UAS-ci-RNAi that was generated from the DNA sequence corresponding to
aa 343–577 of Ci which was subcloned into the pWIZ RNAi vector (Lee and
Carthew, 2003).
Generating mosaic clones
Genotypes for generating mosaic mutant flies are (1) y w hsFLP;
Nedd8AN015 FRT40A/nls-GFP FRT40A, (2) y w hsFLP;FRT42D Cul1EX/
FRT42D nls-GFP, (3) y w hsFLP or eyFLP;Cul3gft2 (or Cul3C7 or Cul3B3)
FRT40A/nls-GFP FRT40A, (4) y w hsFLP MS1096-GAL4;Cul3C7 FRT40A/nls-
GFP FRT40A;UAS-hh (UAS-HA-CiFL or UAS-HA-Ci-3P), (5) GMR-P35/
eyFLP;Cul3gft2 (or Cul3C7 or Cul3B3)FRT40A/nls-GFP FRT40A, (6) eyFLP;
rdx5 FRT82B/nls-GFP FRT82B, (7) eyFLP: Cul3B3 FRT40A, GMR-GAL4/nls-
GFP FRT 40A;UAS-ci-RNAi, and (8) y w hsFLP MS1096-GAL4;FRT42D
Cul1EX/FRT42D nls-GFP;UAS-hh.
Immunostaining
Immunostaining of wing and eye imaginal discs was described previously
(Ou et al., 2002). Antibodies used and dilution ratios were rat α-CiFL (2A1, 1:1)
(Motzny and Holmgren, 1995), mouse α-Ptc (1:100, gift from I. Guerrero),
mouse α-HA (1:1000, Sigma), mouse α-Dlg (1:200, DSHB), mouse α-BrdU
(1:50, Becton-Dickinson), goat α-cyclin B (1:200, Santa Cruz), and rabbit α-
phospho-histone H3 (1:200, Upstate). Scoring of mitotic index follows
previous description (Baonza and Freeman, 2005). BrdU incorporation and
detection were performed as described (Baker and Rubin, 1992). White pupae
were incubated at 25 °C for 24 h or 48 h before retinas were dissected for
staining with α-Dlg antibody and phalloidin (Molecular Probe Co). For MG132
treatment, discs were cultured in M3 medium (Sigma) with 50 μM MG132 at
25 °C for 8 h, and for the mock treatment, discs were cultured in the same
condition but without MG132. MG132-treated and mock-treated discs were
immunostained and whose fluorescence images were acquired by the confocal
microscope (LSM510, Zeiss) and quantified by MetaMorph software with
identical parameters.
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CiFL degradation in the A/P boundary zone of wing discs
CiFL is expressed at low levels in the A compartment of wing
discs and its levels gradually increase in about ten rows of cells
toward the A/P boundary (within the white brackets in Fig. 1A).
However, CiFL levels are reduced in the three rows of A cells just
abutting the A/P boundary (within yellow brackets in Fig. 1A), a
region defined as the A/P boundary zone (Wang and Holmgren,
1999) where Ptc is induced (red in Fig. 1A). To test whether the
downregulation of CiFL levels in the A/P boundary zone
involves protein degradation by the 26S proteasome, wing discs
were treated with the proteasome inhibitor MG132. As shown in
Fig. 1C, CiFL levels were increased in almost all A cells of wing
discs, including the A/P boundary zone (yellow brackets) as
compared to the respective region in mock-treated wing discs
(Fig. 1B). Averaged fluorescence intensity for CiFL levels in the
boundary zone was increased by 66% in MG132-treated (n=6)
than mock-treated (n=5) wing discs. In addition, expression of
the dominant-negative proteasome subunit DTS5 (Schweisguth,
1999) by the wing pouch-specific driver MS1096-GAL4 also
resulted in CiFL accumulation in the A/P boundary zone (data
not shown), consistent with the idea that the 26S proteasome is
involved in degrading CiFL in the A/P boundary zone.
To explore the mechanism in degrading CiFL in the A/P
boundary zone, the SCF component Cul1 was first tested.
Accumulation of CiFL was prominent in loss-of-function
Cul1EX mutant clones located in the A compartment (arrow-
heads in Fig. 1D) except the A/P boundary zone (arrows),
where the CiFL level was instead slightly reduced. Mutant
clones for the F-box protein Slimb displayed an identical
pattern of alternations in CiFL levels (data not shown). Nedd8 is
an ubiquitin-like polypeptide that conjugates on cullins, a
process that activates CRLs. Unlike Cul1 mutant clones,
Nedd8 mutant clones located in both the A compartment and
the boundary zone accumulated CiFL (arrowheads and arrows,
respectively, in Fig. 1E). These results suggest that the
mechanism promoting CiFL degradation in the boundary zone
is Nedd8-dependent but SCFSlimb-independent.
Cul3 organizes a distinct class of Nedd8-modified CRLs. We
then tested for its requirement in CiFL downregulation in the A/P
boundary zone. Strikingly, Cul3gft2 mutant clones in the A/P
boundary zone displayed CiFL accumulation (arrow in Fig. 1G).
The accumulation was not detectable in clones located in other
regions of the A compartment (arrowhead). Although CiFL
accumulation was consistently detected in hypomorphic Cul3gft2
cells, it was less significant in the mutant clones of smaller sizes
(data not shown), whichmay explain why such accumulation was
not observed in a previous study (Mistry et al., 2004). To confirm
thatCul3was required for CiFL degradation in the boundary zone,
we screened for new EMS-induced Cul3 alleles, and identified
five lethal alleles, with three missense mutations (B3, C10, and
A4, see Fig. 1F), one splicing variant (C3), and one nonsense
mutation (C7). The C7 allele was expected to delete the Nedd8
modification site and truncate the binding region for ROC1, the
RING finger protein in recruiting the ubiquitin-loaded E2. Whileonly small Cul3C7 clones could be recovered, they consistently
exhibited CiFL accumulation when the clones were located in the
boundary zone, but not other anterior regions (arrow and
arrowheads, respectively, in Fig. 1H).
To show that the Nedd8 conjugation site of Cul3 is required
for its activity, Lys717 of Cul3 was replaced by Arg to generate
the Cul3KR transgene. Ectopic expression of Cul3KR by ptc-
GAL4 blocked CiFL degradation in the boundary zone (Fig. 1I),
consistent with the requirement of Nedd8 in CiFL degradation in
the boundary zone. Misexpression of wild-type Cul3 by ptc-
GAL4 caused a similar dominant-negative effect in altering CiFL
protein levels in the boundary zone (data not shown), an effect
that could result from the disruption of functional CRL
complexes (Voigt and Papalopulu, 2006). In sum, these results
suggest that the Cul3 ligase mediates a mechanism to degrade
CiFL in the A/P boundary zone.
Hh signaling conferring Cul3-mediated CiFL degradation
The spatial restriction of Cul3 ligase-mediated CiFL
degradation to the A/P boundary zone suggests that the
downregulation may be induced by high-level Hh signaling.
To test this hypothesis, Hh was ectopically expressed by ap-
terous (ap)-GAL4 in the dorsal compartment (yellow brackets in
Fig. 2A). In ap-GAL4;UAS-hh (abbreviated as apNhh and
thereafter) wing discs, Ptc (red in Fig. 2A) was strongly
expressed in the anterodorsal domain, revealing a strong
activation of Hh signaling. In the same region, the level of
CiFL was much lower than that in the ventral counterpart (Fig.
2A′) and similar to that in the ventral A/P boundary zone (white
brackets). The enhanced CiFL level in the ventral domain might
be caused by low-level signaling induced by Hh secreted from
the dorsal domain. Similarly, when Hh was misexpressed by
MS1096-GAL4 in wing pouches, Ptc activation and low levels
of CiFL were observed in the A compartment (data not shown).
To examine whether Hh-induced CiFL degradation in the A
compartment depends on Cul1 or Cul3, mutant clones for Cul1
or Cul3 were generated in the MS1096Nhh wing pouch.
Strikingly, the CiFL protein accumulated in Cul3C7 clones
(arrowheads in Fig. 2B). In Cul1EX clones, CiFL levels were
instead decreased slightly (Fig. 2C), as what was observed in
Cul1EX clones in the A/P boundary (arrows in Fig. 1D). These
results suggest that high-level Hh signaling converts CiFL
degradation from a Cul1 to a Cul3 ligase-dependent mechanism.
Transduction of Hh signaling efficiently reduces the
phosphorylation status of CiFL (Zhang et al., 2005), which
may promote CiFL under Cul3-mediated degradation. To test
this, HA-tagged CiFL and Ci-3P in which three PKA phosphor-
ylation sites are mutated (Wang et al., 1999) were expressed by
MS1096-GAL4, and the expression levels of HA-CiFL and HA-
Ci-3P in Cul3C7 clones were examined. In the Hh-expressing
posterior (P) compartment, the levels of both HA-CiFL and HA-
Ci-3P inCul3C7 clones were enhanced (arrows in Figs. 2D and E,
respectively). In the A compartment which lacks strong Hh
signaling, the level of HA-CiFL remained constant in Cul3C7
clones (arrowhead Fig. 2D). However, HA-Ci-3P was augmented
in Cul3C7 clones in the A compartment (arrowheads in Fig. 2E),
Fig. 1. Cul3-but not Cul1-dependent CiFL degradation in the A/P boundary zone of wing discs. (A) An immunostained third-instar wing disc to show CiFL in green (A)
and white (A′) and Ptc in red (A). In this and all following tissues, anterior is to the left and dorsal is top. The A/P boundary zone expressing low levels of CiFL is
embraced by yellow brackets and the more anterior region expressing high levels is within white brackets. (B–C) In the wing disc treated with the proteasome inhibitor
MG132 (C), CiFL degradation was blocked in the A/P boundary zone (yellow brackets) and in the anterior region (blue brackets), when compared to the mock-treated
wing disc (B). Notably, the downregulated CiFL protein level was not completely abolished in the dorsoventral boundary by MG132 (blue asterisks). (D–E) Nedd8 (E)
but not Cul1 (D) mutant cells (marked by the absence of GFP as well as pink dashed line and thereafter) located in the A/P boundary zone accumulated CiFL (red in left
and white in right panel). Magnifications of boundary clones within the dashed rectangles are shown in panels D′ and E′, in which yellow lines indicate the prospective
A/P boundary. However, both Nedd8 and Cul1 mutant cells accumulated CiFL outside the A/P boundary zone (arrowheads). (F) Cartoon showing the Cul3 open-
reading frame with mutated residues in Cul3 alleles, protein-interacting domains (blue), and the Nedd8 modification site. (G–H) CiFL degradation is blocked in mutant
clones for Cul3gft2 (G) and Cul3C7 (H) in the A/P boundary zone (arrows), but not other regions of wing discs (arrowheads). (I) The CiFL level was upregulated in
ptcNCul3KR in the A/P boundary zone (yellow brackets).
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Fig. 2. Hh-induced CiFL degradation by a Cul3-dependent mechanism. (A) Ectopic Hh expressed by ap-GAL4 caused the degradation of CiFL (green in A and white in
A′) and high-level Ptc expression (red) specifically in the dorsal compartment (yellow brackets). (B–C) When Hh was expressed byMS1096-GAL4 in wing pouches,
degradation of CiFL (red in B and C and white in B′ and C′) was blocked in all anterior Cul3C7 mutant clones (arrowheads in B) but not in Cul1EX mutant clones
(arrowheads in C). (D) Expressed HA-CiFL by MS1096-GAL4 showed accumulation in posterior (arrow) but not anterior (arrowhead) Cul3C7 clones. (E) HA-Ci-3P
accumulated in both posterior (arrows) and anterior (arrowheads) Cul3C7 clones. HA staining is red in panels D, E and white in panels D′, E′ and vertical dashed lines
mark the A/P boundary according to endogenous CiFL staining (not shown).
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Fig. 3. Cul3-regulated CiFL expression in unspecialized cells behind the MF.
(A–B) Third-instar eye discs showing prominent CiFL expression in the lattice
pattern of unspecialized cells behind the MF (A, the MF is marked by yellow
arrowhead and so there on), which was efficiently depleted in GMRNci-RNAi
eye discs (B). (C–D) Cul3C7 (C) and Cul3B3 (D) mutant clones accumulate CiFL
(red in C, D and white in C′, D′) in unspecialized cells behind the MF.
111C.-Y. Ou et al. / Developmental Biology 308 (2007) 106–119suggesting that reduced phosphorylation of CiFL is subjected to
the Cul3-mediated degradation even in the absence of Hh
signaling.
Our results suggest that while Hh signaling inhibits CiFL
phosphorylation (Zhang et al., 2005), this step also promotes the
degradation of unphosphorylated CiFL by a Cul3-dependent
mechanism. The CiFL downregulation could suppress Hh
signaling output, leading to a decrease in downstream gene
expression. However, expressions of the Hh responsive genes
ptc and engrailed were not altered in Cul3C7 clones located in
the A/P boundary zone of wing discs (data not shown),
suggesting that the levels of CiFL are not limiting for signaling
output in this boundary region.
Formation of ectopic IOCs in Cul3 mutant eye discs
As Cul3 mutations have been shown to upregulate CiFL
levels in cells behind theMF (Mistry et al., 2004; Ou et al., 2002)
and upregulated CiFL levels cause ommatidial defects in cell
numbers and patterning (Kent et al., 2006), we then examined
the significance of CiFL degradation promoted by Cul3 in retinal
development. Behind the MF in larval eye discs, unspecialized
cells (referring to the cells that do not initiate differentiation yet)
enclosing clusters of differentiating photoreceptors formed a
lattice pattern and expressed CiFL (Fig. 3A). In Cul3C7 clones,
higher levels of CiFL accumulated in unspecialized cells (Fig. 3C),
similar to that observed in Cul3gft2 clones (Ou et al., 2002). In
clones homozygous for the weak Cul3B3 allele, CiFL expression
was also mildly enhanced above thewild-type level (Fig. 3D). The
defect in CiFL downregulation in Cul3 mutant cells could be fully
suppressed by a Cul3 transgene driven by GMR-GAL4 (data not
shown). These results suggest that Cul3 negatively regulates CiFL
levels in unspecialized cells behind the MF.
All retinal cells have differentiated and can be recognized at
48 h after pupa formation (48 h APF). Interommatidial cells
(IOCs) (Figs. 4A and B, see figure legend for explanation of cell
types) are derived from CiFL-expressing unspecialized cells in
larval eye discs. We found that the number of mIOCs (mature
IOCs at 48 h APF) was significantly increased in clones
homozygous for Cul3 mutants. In wild-type pupal retinas, 15
mIOCs are invariantly included within one ommatidial group
(OG, Fig. 4A) (Wolff and Ready, 1991). However, the numbers
of mIOCs per OG increased to 16.0±1.1 in Cul3B3 and 17.5±
1.7 in Cul3gft2 clones (Figs. 4C, D and M). Excess mIOCs were
also present in Cul3C7 clones (arrow in Fig. 4E) but were not
scored due to small clone size and severely disrupted
ommatidial organization in these clones. Cul3 mutants also
had defects in the formation of ommatidial core cells that are
surrounded by mIOCs; Cul3B3 and Cul3gft2 mutants had
reduced numbers of cone cells (3.8±0.5 and 3.5±0.6 per
ommatidium, respectively; 4 in wild type) and photoreceptors
(7.7±0.7 and 7.2±0.7, respectively, 8 in wild type), and
slightly increased number of primary pigment cells (2.1±0.3
and 2.1± 0.4, respectively, 2 in wild type).
One process that ensures the precise number of mIOCs is the
apoptotic rectification during the period of 24–48 h APF,
through which about one-third of IOCs are eliminated(Brachmann and Cagan, 2003; Rusconi et al., 2000; Wolff and
Ready, 1991). The number of precursors for IOCs (pIOCs)
present at 24 h APF was thus examined. In wild-type, the
number of pIOCs was scored to be 20.9±1.3/OG (Figs. 5A and
L). The numbers of pIOCs were significantly increased to 26.2
±1.6/OG in Cul3B3 and 27.6±1.6/OG in Cul3gft2 clones (Figs.
5E, F, and L). In small mosaic Cul3C7 clones, extra pIOCs were
also present (Fig. 5G). These results suggest that pIOCs are
increased prior to the apoptotic rectification in Cul3mutants. To
reach the final 15 mIOCs in wild-type retinas at 48 h APF, 28%
of pIOCs were eliminated during the rectifying process. In the
same process, about 38% of pIOCs were eliminated in both
Cul3B3 and Cul3gft2 mutants. Therefore, many excess pIOCs in
Cul3 mutants were efficiently eliminated during the apoptotic
period of 24–48 h APF.
Induction of ectopic IOCs by overexpression of CiFL
The formation of ectopic IOCs in Cul3 mutant retinas could
result from the increase of CiFL. As a first step to test this,
GMR-GAL4 was used to express HA-CiFL in all cells behind
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control GMR-GAL4 eye disc when scored at 48 h APF (15.9±
0.9/OG, Figs. 4F and M). However, expression of HA-CiFL
further increased the number of mIOCs to 19.2±1.3 (Figs. 4G
and M). Lozenge-GAL4 (Lz-GAL4) was expressed strongly in
IOCs and weakly in cone and R1, 6, 7 cells (Fig. 4H′) and no
ectopic mIOCs were observed in the Lz-GAL4 eye disc (15.2±
0.5, Fig. 4M). In LzNHA-CiFL, the number of mIOCs reached
17.9±1.4 at 48 h APF (Fig. 4I). Despite extra mIOCs, the
numbers of photoreceptors, cone cells and primary pigment
cells in LzNHA-CiFL and GMRNHA-CiFL were unaltered (Figs.
4G and I). In a control experiment, HA-CiFL driven by elav-
GAL4 specifically in photoreceptors induced no ectopic
mIOCs (Fig. 4J). Taken together, these results suggest that
the elevated CiFL level, most likely in pIOCs, leads to an
increase of IOCs in pupal retinas.
If the Cul3 ligase functions to downregulate CiFL, compro-
mising Cul3 activity should further enhance the phenotypes
caused by overexpressed CiFL. This was indeed the case: the
Cul3B3 mutation enhanced the mIOC number of GMRNHA-
CiFL, from 19.2±1.3 to 22.1±2.3 at 48 h APF (Fig. 4M).
To definitely test that enhanced CiFL levels accounts for the
Cul3 mutant effect on inducing ectopic pIOCs, we generated
transgenic ci-RNAi flies. GMRNci-RNAi significantly depleted
ci expression behind the MF in eye discs (Fig. 3B). As
expected, when Cul3B3 mutant clones were generated in
GMRNci-RNAi retinas, the number of pIOCs scored at 24 h
APF was dramatically reduced to 20.3±1.5, as compared to
26.2±1.6 without ci-RNAi (Figs. 5E, H and L). Taken together,
these results suggest that Cul3 downregulates CiFL protein
levels to suppress the formation of IOCs in the pupal retina.
Control of IOC numbers by Hh signaling
These results indicate that the level of CiFL is correlated
with the number of pIOCs. Indeed, the pIOC number in the
GMR-GAL4 control was increased from 20.8±1.4 to 28.5±
3.8 in GMRNHA-CiFL and reduced to 18.1±1.4 in GMRNci-
RNAi at 24 h APF (Figs. 5C, D and L). Since Hh signaling
regulates the activity and the protein level of CiFL, we
examined whether altering the strength of Hh signaling could
have an effect on the pIOC population. In the eye-specific
hypomorphic hh1/hhts2 mutant, MF progression is normal.
However, the pIOC number was reduced to 16.7±2.4 at 24 h
APF (Figs. 5B and L). The reduced population of pIOCs was
insufficient to generate the hexagonal array of ommatidia atFig. 4. Numbers of mIOCs regulated by Cul3, Ci and Hh at 48 h APF. (A–B) A carto
which is stained by the anti-discs large (Dlg) antibody to reveal cell morpholog
photoreceptors (not visible in this focal plane) and are surrounded by two primary pig
pigment cells (red), 3 tertiary pigment cells (blue) and 3 sensory organ precursors (y
adjacent ommatidial cores, and the number of mIOCs is quantified within an ommati
line) with its apices being the adjacent ommatidial centers. Those secondary pigment c
stained for Dlg (red) to reveal cell morphology, and GFP (in green) to locate mutant c
the Dlg staining is shown in white for Cul3 mutant mIOCs and in red for wild-type
GMR-GAL4 (F), GMRNHA-CiFL (G), LzNGFP (H and H′), LzNHA-CiFL (I), ELAVNH
of mIOCs are shown in bars in panel M. The GFP expression of LzNGFP is shown
yellow dashed lines in panel K. (M) Statistics of mIOC numbers per OG is shown i
asterisks representing statistically significant differences of the comparison (*pb0.048 h APF. Frequently, pentagonal and tetragonal ommatidia
were present with complete sets of ommatidial core cells (Fig.
4K). In average, 14.2±1.7 mIOCs per OG were counted at
48 h APF. In contrast, overexpression of Hh in GMRNhh
raised the mIOC number to 19.7±1.4 (Fig. 4L), compared to
15.9±0.9 in GMR-GAL4 alone (Fig. 4M). The pIOC
population was also increased, from 21.4±2.1 in wild type
to 29.9±4.7 in GMRNhh eye discs (Figs. 5J–L), which was
scored at 20 h APF due to precocious apoptosis that has
initiated before 24 h APF in GMRNhh eye discs. In sum, the
levels of Hh and CiFL regulate the number of IOCs during
retinal development.
Effects of Cul3 ligases and Hh signaling on cell proliferation
When more pIOCs were present, enhanced programmed
cell death was observed during the period of 24–48 h APF.
To observe the increase of IOCs in Cul3 mutants without
apoptosis, the inhibitor P35 was expressed to block apoptosis
behind the MF. As expected, while in GMR-P35 eye discs
the number of mIOCs was 26.6±3.2 at 48 h APF (Figs. 6A
and E), mutant clones homozygous for Cul3 mutations
further enhanced the mIOC populations (Figs. 6B–D), with
30% and 37% increases in Cul3B3 and Cul3gft2 mutants,
respectively (Fig. 6E). Thus, Cul3 mutations enhance cell
proliferation when apoptosis is inhibited during retinal deve-
lopment, suggesting that Cul3 might function to promote cell
proliferation.
Behind the MF, unspecialized cells in the SMW enter the S-
phase synchronously (Fig. 7A), providing the pool of cells to
form the full complement of ommatidia. In Cul3gft2 mutants,
ectopic S-phase entry could be observed in cells behind the
SMW, as shown by BrdU incorporation (Fig. 7C). In addition,
we examined the expression of cyclin B, normally present in
cells that have past the G1-S check point and degraded in
anaphase (Baker and Yu, 2001; Thomas et al., 1994). In wild-
type eye discs, the lattice pattern of unspecialized cells
expressed cyclin B, starting from the front of the SMW (the
column 1 behind the MF) and diminishing in most cells from
column 4 (Fig. 7B). In Cul3gft2 clones, the expression of cyclin
B in unspecialized cells persisted to columns 6–8 (Fig. 7D).
Taken together, these results suggest that Cul3 mutant cells
might enter extra round of cell cycles. Consistent with the
function of Cul3 in degrading CiFL protein, prolonged cyclin B
expression in Cul3gft2 clones was suppressed to column 4 by the
coexpression of ci-RNAi (Supplementary Fig. 1E). As noted,on (A) illustrating the wild-type pattern of the Drosophila retina at 48 h APF (B),
y. Four oval-shape cone cells (labeled with “C” in the cartoon) cover eight
ment cells (labeled with 1°). These fourteen COCs are embraced by 6 secondary
ellow), the so-called interommatidial cells (IOCs). These mIOCs are shared by
dial group (OG) that covers a defined hexagonal area (bordered by green dashed
ells crossed by the dashed lines were counted as half. (C–E) Retinas at 48 h APF
ells of Cul3B3 (C), Cul3gft2 (D), and Cul3c7 (E). (C′–E′) For better visualization,
mIOCs. Arrows indicate extra mIOCs in Cul3 mutant clones. (F–L) Retinas of
A-CiFL (J), hh1/hhts2 (K) and GMRNhh (L) were stained for Dlg and the numbers
in green in panel H′. In hh1/hhts2, irregular ommatidial shapes are outlined by
n panel M, with n within each bar representing the number of OGs scored, and
01, **pb0.0001 by Student's t-test).
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Fig. 6. Ectopic Cul3 mutant mIOCs in the absence of programmed cell death.
(A–D) Retinas at 48 h APF carrying the GMR-P35 transgene alone (A) or in
combination with Cul3B3 (B), Cul3gft2 (C), or Cul3C7 (D) clones were stained
for Dlg (red) and GFP (green) to reveal mutant cells. In panels A and B, the Dlg
signal is shown in white, and cells in panel B are all Cul3B3 mutants. (C, D)
Large mosaic clones largely composed of mutant cells are marked with yellow
dashed borders. (E) The averaged mIOC numbers per OG at 48 h APF are
shown, with statistics described for Fig. 4M.
115C.-Y. Ou et al. / Developmental Biology 308 (2007) 106–119due to the effect of ci-RNAi, the cyclin B expression in wild-
type cells outside the Cul3gft2 clone was reduced.
We further analyzed the effect of Hh signaling on cell
proliferation in eye discs. The hh1/hhts2 mutant displayed
dramatically reduced BrdU incorporation in the SMW (Fig.
7E) and cyclin B expression behind the MF (Fig. 7F). In
contrast, overexpression of Hh by GMR-GAL4 caused an
expansion of BrdU-incorporated cells (Fig. 7G) and a per-
sistent and enhanced expression of cyclin B (Fig. 7H). The
control GMR-GAL4 eye disc displayed wild-type patterns of
BrdU incorporation and cyclin B expression (data not shown).
To further test the effect on cell division, we examined the
expression of the mitotic marker phospho-histone H3 (pH3) in
GMRNCul3KR and GMRNhh eye discs. The number of mitotic
cells behind the MF was increased significantly in
GMRNCul3KR and GMRNhh as compared to the GMR-GAL4
control (Figs. 7K–N). To sum up, these results indicate that Hh
promotes cell division behind the MF and Cul3 antagonizes
this activity.
Recently, two independent reports suggest that the BTB
protein HIB/Rdx targets CiFL for Cul3 ligase ubiquitination
(Kent et al., 2006; Zhang et al., 2006). Analogous to the Cul3
activity, HIB/Rdx negatively regulates CiFL protein levels in
cells behind the MF in eye discs. We then examined cell
proliferation defects in clones homozygous for the strong allele
rdx5 (Kent et al., 2006). In rdx5 clones in the SMW, ectopic
BrdU incorporation and enhanced cyclin B expression were
prominent (Figs. 7I and J). These phenotypes were similar to,
but less severe than, those observed in mutant clones for the
strong Cul3gft2 allele (Figs. 7C and D); in rdx5 clones there
were fewer ectopic BrdU-incorporated cells and less cyclin B
expression that lasted only to column 5 behind the MF. Ectopic
pIOCs were present in rdx5 clones at 24 h APF (Fig. 5I),
although much fewer than in Cul3gft2 clones (compare 22.5±
1.6 to 27.6±1.6, Fig. 5L). However, effects in mIOCs were not
obvious at 48 h APF (Kent et al., 2006), indicating that these
extra precursors are eliminated during the rectification process.
The deletion mutant hibΔ6 displayed similar extent of pheno-
types to rdx5. Thus, HIB/Rdx may mediate a part of Cul3
activity in the formation of IOCs.
Discussion
In this work, we showed that the Cul3 ligase promotes CiFL
degradation when the Hh concentration is high during wing and
eye development. High-level Hh signaling, in addition to
activating CiFL, induces the Cul3-mediated degradation
mechanism to reduce the protein level of CiFL. A major
molecular event in Hh signaling is the dephosphorylation of
CiFL, a process required for its activation (Smelkinson andFig. 5. The population of pIOCs modulated by components of Cul3 ligases and Hh signaling pathway. (A–D) Wild-type (A), hh1/hhts2 (B), GMRNci-RNAi (C), and
GMRNHA-CiFL (D) pupal retinas at 24 h APF were stained for Dlg, and the numbers of pIOCs are shown in panel L. (E–I) Mosaic pupal retinas of Cul3B3 (E), Cul3gft2
(F), Cul3C7 (G), Cul3B3;GMRNci-RNAi (H), and rdx5 (I) at 24 h APF were stained for Dlg (red) and GFP (green) to mark mutant cells in left panels. In the right panels,
mutant pIOCs were shown in white and wild-type pIOCs in red for Dlg staining (as in Fig. 4). (J) Wild-type and (K) GMRNhh pupal retinas at 20 h APF were stained
for Dlg. (L) The averaged numbers of pIOCs per OG at 24 h APF (except for the last two genotypes scored at 20 h APF) are shown as described for Fig. 4M.
116 C.-Y. Ou et al. / Developmental Biology 308 (2007) 106–119Kalderon, 2006; Wang et al., 1999) and, as suggested from our
data, for downregulating its protein levels. One possible role for
Cul3-mediated CiFL downregulation is to suppress exuberantHh signaling output. However, in the A/P boundary region of
developing wings, no effects on Ptc and Engrailed expression
were detected in Cul3 mutant clones, suggesting that this
Fig. 8. A model describing cell proliferation control by Hh signaling and Cul3
ligases. Cells are arrested in the G1-phase in the MF. In the SMW, differentiating
preclusters (grey circles) express Hh that promotes neighboring unspecialized
cells (open circles) to reenter the cell cycle. Subsequently, the Cul3 machinery
induced by high-level Hh signaling efficiently suppresses CiFL to a level that is
below the threshold to support further cell cycle progression.
117C.-Y. Ou et al. / Developmental Biology 308 (2007) 106–119downregulation mechanism plays a minor or redundant role in
regulating Hh signaling-responsive genes. Alternatively, other
mechanisms are necessary to transform the fraction of Cul3-
downregulated CiFL to be active in the A/P boundary zone.
The significance of Cul3-downregulated Hh signaling is
reflected in patterning the retina in pupal stages. The number of
IOCs is precisely controlled in order to form a highly organized
hexagonal array of ommatidia. In Cul3 mutants, the ommatidial
array is disorganized, which can be attributed to the induction of
extra pIOCs that are not completely eliminated during the
rectifying apoptosis at the pupal stage. The increase in the pIOC
population in Cul3 mutants can be mimicked and enhanced by
the overexpression of CiFL and suppressed by depleting
endogenously expressed Ci. Therefore, the levels of CiFL are
correlated tightly with the population sizes of pIOCs.
Consistently, the Hh signal that promotes the formation and
activity of CiFL also regulates the pIOC population. Taken
together, these results suggest that the strength of Hh signaling
directly controls the pIOC population, and the Cul3 ligase
antagonizes this process by downregulating the strength of Hh
signaling. The activities of Hh signaling and Cul3 ligases are
both mediated through CiFL, either through the activity, the
abundance or both, and therefore the balance between Hh
signaling and Cul3 ligase activity dictates the pool of pIOCsFig. 7. Antagonistic effects of Cul3 ligases and Hh signaling in cell cycle progression
expression of cyclin B (B, D, F, H, J). (A, B) Wild-type, (C, D) Cul3gft2 clones, (E, F)
panelsC,D, I, and J are revealed by the lack of theGFP signal (shown in Supplementary
Mitotic figures are reveled by pH3 staining (red) in third-instar eye discs ofGMR-GAL
to show morphology. (N) Quantification of mitotic index is shown, with asterisks re
n=12). Mitotic index is the number of pH3-positive cells behind the MF divided by tduring retinal development. As a scaffold subunit, Cul3 would
organize CRL complexes with BTB proteins as substrate
receptors for CiFL degradation in this developmental process.
However, only mild morphological disruption was observed in
rdx mutants (Kent et al., 2006), in contrast to the severe defects
in the IOC number and ommatidial organization in Cul3
mutants. The phenotypical difference may reflect a functional
difference between Cul3 and Rdx in retinal development.
In Cul3 mutants, the numbers and morphology of photo-
receptors, cone cells and primary pigment cells were altered.
Could the defects of these ommatidial core cells induce extra
IOCs? Several lines of evidence suggest that this is unlikely to
be the case. Firstly, Cul3 mutations promote extra cell cycle
progression in the SMW, prior to the fate specifications of IOCs.
Secondly, cone and primary pigment cells provide a survival
signal to IOCs through Egfr signaling (Bergmann et al., 1998;
Kurada and White, 1998; Miller and Cagan, 1998). Manual
ablation of cone or primary pigment cells induces the loss of
IOCs (Miller and Cagan, 1998), which is in contrast to the
increase of IOCs observed in Cul3 mutants. Thirdly, in our
experiments, misexpression of CiFL induced extra IOCs without
affecting the number and morphology of ommatidial core cells.
Also, reducing Hh signaling in hh1/hhts2 hypomorphs kept most
ommatidial core cells intact while reducing the IOC number.
Thus, the strength of Hh signaling correlates directly with the
population of pIOCs.
In the developing retina of Drosophila, the precise IOC
number is regulated by the balance between cell proliferation
and elimination. The proliferation effect is reflected at 24 h APF
when the major apoptotic process has not yet been initiated. Our
analysis suggests that the apoptotic rectification may mask the
proliferation effect when scoring mIOCs at 48 h APF. Indeed,
more cells are eliminated when more pIOCs are supplied inCul3
mutants. This extra elimination could be due to the failure of
direct contacts between primary pigment cells and ectopic IOCs,
which is assumed to protect IOCs from cell death (Monserrate
and Baker Brachmann, 2007). Conversely, compromising Hh
signaling in hh1/hhts2 causes insufficient pIOCs at 24 h APF, and
hence fewer pIOCs are eliminated. Thus, the rectification
process is more active whenmore precursors are generated and is
kept quiescent while precursors are insufficient.
The pool of pIOC precursors is generated from the SMW,
presumably the last round of cell division in the retinal
development (except the division of the sensory organ
precursors for external sensory bristles). The synchronized
SMW is tightly regulated by intercellular communication
mediated by Notch, Egfr and Hh signaling pathways (Baker
and Yu, 2001; Baonza and Freeman, 2005; Firth and Baker,
2005; Yang and Baker, 2003). Upon exiting the MF, Notch
signaling promotes G1-arrested cells to enter the cell cycle. Third-instar eye discs are shown for incorporation of BrdU (A, C, E, G, I) and
hh1/hhts2, (G, H) GMRNhh, and (I, J) rdx5 clones. Yellow dashed clone borders in
Fig. 2). The orders of ommatidial columns are shown in numbers (B,D, J). (K–M)
4 alone (K),GMRNCul3KR (L), andGMRNhh (M) costained by phalloidin (green)
presenting statistically significant differences (**pb0.0001 by Student's t-test,
he number of ommatidial columns to calibrate the age difference between discs.
118 C.-Y. Ou et al. / Developmental Biology 308 (2007) 106–119through the G1/S checkpoint, and subsequently Egfr signaling is
required for G2- to M-phase transition (Baker and Yu, 2001;
Baonza and Freeman, 2005; Firth and Baker, 2005). Hh
signaling has also been shown to activate cyclin D and cyclin
E, which may initiate the SMW, and subsequently to be required
for cyclin A and cyclin B expression in the SMW (Duman-
Scheel et al., 2002; Vrailas and Moses, 2006). Indeed, elevation
of Hh signaling in ptc mutants enhances both cell proliferation
and apoptosis (Thomas and Ingham, 2003). However, the
specific role of Hh signaling behind the MF has been difficult to
study, due to the requirement of Hh signaling inMF progression.
We showed from loss- and gain-of-function experiments that
Hh signaling indeed functions to modulate the population of
unspecialized cells in the SMW (Fig. 7). In the hypomorphic
hh1/hhts2 mutant, the MF progresses normally and G1-arrested
cells enter the S-phase punctually behind the MF. However,
BrdU- and cyclin B-positive cells are much fewer. Conversely,
overexpression of Hh behind the MF expands the BrdU-positive
population, sustains cyclin B expression and increases mitotic
cells, indicating that elevation of Hh signaling promotes more
cells entering cell cycle. Since all unspecialized cells are
postulated to enter cell cycle once in the SMW, the effect of Hh
signaling would promote the cell-cycle reentry of these
unspecialized cells. Although not supported yet, it is also
possible that some specialized cells withdraw from the route of
differentiation and reenter the cell cycle. Thus, we proposed the
model that high-level Hh signaling acts to provide a time
window allowing the cell cycle entry, and Cul3 suppresses Hh
signaling output to limit the competence of cell cycle entry (Fig.
8). Interestingly, while the expression of the S-phase marker
BrdU finally ceased behind column 10 in Cul3 mutant cells,
CiFL accumulation lasted for at least 24 h (data not shown).
Similarly, unspecialized cells still exited from cell cycle behind
column 10 when Hh was overexpressed, suggesting that Hh is
not the only factor that maintains these cells in the proliferation
status. In addition to cyclin B, we also found that Cul3
mutations enhanced the expression of cyclin A and cyclin D in
the SMW and caused an elevation of Delta protein levels
(Supplementary Fig. 2). In the vertebrate retina, Hh signaling
promotes the transient amplification of retinal precursor cells,
possibly through activating cyclin D1, cyclin A2, cyclin B1, and
cdc25C (Locker et al., 2006; Wang et al., 2005). It will be
important to assay whether Cul3 maintains the accuracy of Hh
signaling in the developing vertebrate retina.
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